In plants, pollen tube germination occurs widely in flowering plants. In Arabidopsis thaliana, it has been reported ARABINOGALACTAN PROTEIN 1 (AGP1) plays an important role in pollen tube germination. The expression of arabinogalactan protein in Arabidopsis pollen tubes has been extensively studied. Herein, we characterized an Arabidopsis AGP1-LIKE PROTEIN (ALP), which is shown to have 47% homology at the amino acid level to At1g24520.1 (BCP1), POLLEN PROTEIN1 in Brassica campestris. BCP1, which is highly expressed in both tapetum and microspores, is essential for pollen fertility. Transgenic Arabidopsis transformed with an ALP promoter-driven β-glucuronidase (GUS) construct exhibited strong GUS activity in the pollen and young siliques, in good agreement with the RT-qPCR analysis. To further understand the function of ALP, the ALP-RNAi lines were generated for further investigations. Phenotypic deficiency of siliques was observed in the ALP-RNAi line, in comparison to the wild type. Furthermore, scanning electron microscopy suggested defects in the ALP-RNAi line and in vivo pollen germination showed reduced ability in the ALP-RNAi line. Taken together, our results suggested the important role of ALP in pollen and seed development.
INTRODUCTION
In flowering plants, pollen grains and embryo sacs represent the extremely reduced haploid generation, exerting sexual reproduction [1] . Successful fertilization event occurs when the pollen grain extrudes through a pore and grows through the pistil until it finds the female embryo sac in the ovule [2] [3] [4] [5] . The pollen tube subsequently bursts and releases the sperm cells and fertilizes with a different nucleus in the female gametophyte [6] [7] [8] . This is a complex process, which includes a network with a variety of signaling events [6, 9, 10] . In Arabidopsis, it has been reported that arabinogalactan proteins (AGPs), were detected in stigma exudates, style transmitting tissues and pollen [11, 12] . They serve as recognition signals, nutritional supply or guidance for the pollen tube [13, 14] . AGPs have been identified as a group of hydroxyproline-rich glycoproteins, differentially expressed throughout plant development [12] [13] [14] [15] . Previous studies have shown that AGPs were identified in pollen tubes of several plant species, and tube growth was affected by the Yariv phenyl . . glycoside (a reagent which binds specifically to AGPs) [16] . These experimental evidence suggests that AGPs play an important role in pollen tube extension or guidance [17] . Analysis of the Arabidopsis thaliana genome revealed that 47 genes code for AGP polypeptide backbones [15] . ''Classical'' AGPs include an Nterminal secretion sequence, a central domain rich in Pro/Hyp and a C-terminal hydrophobic domain for signaling [12, 14, 15, 17] Herein, we characterized an Arabidopsis AGP1-LIKE PROTEIN (ALP; At3g26110), which have been shown to have 47% homology at the amino acid level to At1g24520.1 (BCP1), POLLEN PROTEIN1 in Brassica campestris [18] . Previous reports have shown that BCP1 was highly expressed in tapetum and microspores and it is essential for pollen fertility [18, 19] . Herein, transgenic Arabidopsis transformed with an ALP promoterdriven β-glucuronidase (GUS) construct and RT-qPCR analyses were utilized to study the expression profile of ALP.
To further understand the function of ALP, ALP-RNAi transgenic lines were generated before further used for observation. Phenotypic deficiency of siliques was detected in the ALP-RNAi line, in comparison to the wild type. Furthermore, scanning electron microscopy suggested defects in the ALP-RNAi line and in vivo pollen germination showed reduced ability in the ALPRNAi line.
MATERIALS AND METHODS

Plant Material and Growth
Seeds (A. thaliana ecotype Columbia-0) were sterilized by treatment with 70% ethanol for 2 min, 5% sodium hypochlorite for 5 min, and several washes with ddH 2 O. Subsequently, they were sowed on Murashige and Skoog basal medium agar plates and stratified in darkness at 4˚C for 2 days. The seeds were germinated under continuous light for 2 weeks and subsequently potted in soil at 23˚C/21˚C (16 h day/8 h night) cycles.
RT-qPCR analysis
Samples containing 50 mg of seedlings, rosette leaves (4-week-old), stems, roots, open flowers and siliques was collected for RNA isolation using the RNeasy Isolation Kit (Qiagen). Extracted RNA were treated with DNase and reverse-transcribed to cDNA according to the procedure of the cDNA Synthesis Kit (Takara).
The expression of ALP genes was detected by RT-qPCR using the following primer pairs: ALP-qRT-F (ATGGCGCGTCTTCACCTAGCTCTCCT) and ALP-qRT-R (TCAGTTGTTCCAATAGCATTGTCATCAGC). StepOne Plus (Applied Biosystems) and FastStart Universal SYBR Green Master (Roche) were utilized for RT-qPCR. Conditions for RTqPCR were as follows: 95℃, 10 min; 40 cycles of 95℃, 15 s followed by 60℃, 1 min. For each sample, three replicates were performed.
Generation of ALP pro::GUS and ALP-RNAi lines in Arabidopsis
The 5'-flanking region of ALP (At3g26110) was amplified by PCR with following primers: ALPpro-F (GCTGGATCCAAACCCTAAGCTACATTTTGTGG) and ALPpro-R (GCTCCCGGGTAATACCAGAGTTGATATTTTCC GACG). The fragment was purified and cloned into the pGEM-T Easy Vector system (Promega) to yield plasmid and was subcloned into corresponding restriction sites on the binary vector pBI101.3 (Clontech) to generate ALPpro::GUS fusion plasmids. For the RNAi construct, a DNA fragment of the ALP cDNA was amplified by PCR using primes
and ALP-RNAi-R (GCTGATATCTAAAAAACTTTCTTTATATTAGTATATTAA ATATGTATCATCC), clonedinto the pGEM-T Easy Vector cut with XmnI and EcoRV, and transferred into the vector pHELLSGATE8.
Subsequently, the recombinant plasmids were used in Agrobacterium tumefaciens transformation of wild-type Arabidopsis Col-0 by the floral dip method [20] . Seeds from T 0 plants were first screened using MS plants containing kanamycin antibiotics. The transformants barboring kanamycin-resistance were subsequently identified by PCR analysis. T 3 stable transgenic plants expressing ALPpro::GUS fusion were used for GUS assays.
GUS assays
GUS histochemical assays were performed to detect the expression of ALP [21] . Briefly, samples of inflorescences, mature flowers, pollens, 6-week-old siliques, 8-week-old stems, 3-weekold rosette and 9-day-old seedlings from transgenic Arabidopsis expressing the ALPpro::GUS constructs were stained with GUS staining solution (100 mM sodium phosphate buffer, pH 7.0, 0.1% Triton X-100, 2 mM potassium ferricyanide, 2 mM potassium ferrocyanide, 1 mg mL
Transgenic Arabidopsis samples and the pBI101.3-transformed control were infiltrated in GUS staining buffer by vacuuming for 1 h, followed by a 4 h incubation. Chlorophyll was removed by washing in 70% ethanol, and the samples were directly photographed by Nikon 80i Microscope.GUS activity on the quantification of 4-methylumbelliferone (MUG)was normalized to protein concentration as nmole of product generated per mg of total protein per minute. In each experiment, at least five leaves were stained following treatment.
Scanning electron microscopy
Five-week-old Arabidopsis Col-0 and ALP-RNAi pollen were utilized for observation. Pollen were air-dried for 3 days, and were mounted onto standard aluminium stubs and sputter coated with gold particles using six 30-s bursts, and observed with a scanning electron microscope (Hitatchi S3400).
In vivo pollen tube germination
For the in vivo pollen tube germination [22] , the preemasculated mature Col-0 (wild-type) pistils were pollinated with pollen from Col-0 or transgenic ALP-RNAi line. The pollinated pistils were collected 16 h after pollination and immediately fixed in a solution of 1:3 acetic acid to ethanol for 2 h and cleared in 1 M NaOH overnight (16 h). Pistils were placed into 1% aniline blue solution and allowed to stain for 5 h in dark before being mounted on slides. Observation and imaging were taken using a Nikon 80i Microscope (emission spectra: 440~612 nm).
RESULTS AND DISCUSSION
ALP was expressed in the pollen
The microarray database e-FP brower revealed that ALPwas not highly expressed in any tissues other than those of the flower mature pollen. The expression of ALP was subsequently investigated by RT-qPCR (Fig. 1A) . The results from the RTqPCR revealed that highest expression of ALP occurred in the flower buds and open flowers (Fig. 1A) . Expression of ALP in root, rosette leaves and stems was significantly reduced (Fig. 1A) , which is also consistent with the microarray results from Genevestigator (https://genevestigator.com/gv/; Fig. 1B) . To investigate the spatial and temporal expression pattern of ALP, a 1.2-kb 5'-flanking fragment of ALP was PCR-amplified and cloned into the pBI101.3 binary vector. Histochemical staining showed that GUS driven by the ALP promoter was highly expressed in the pollen (Fig. 2) . Interestingly, GUS expression was also observed in the pollen tube as observed by in vitro pollen tube germination (Fig. 2D) . 
ALP affects pollen and seed development
To investigate the function of ALP in seed development, loss-of-function transgenic plants were needed. However, the location of the T-DNA insertion in two alp mutant lines (SALK_006192 and SALK_006065) is at the 3'-UTR. Given high possibility of null efficiency in these two mutant, ALP-RNAi transgenic Arabidopsis lines was generated and characterized followed by the observation of the pollen and silique morphology. When the siliques from Col-0 and ALP-RNAi were examined, some 'shorter' siliques (arrowheads in Fig. 3A) were observed in the ALP-RNAi plants. When seed number per silique was counted, significant differences between the wild type and ALP-RNAi were detected (Fig. 3B ), suggesting that fertility had been altered in ALP-RNAi. Furthermore, scanning electron microscopy (SEM) revealed that a 40% of defective pollen grains of ALP-RNAi in comparison with the wild type (Fig. 4A) . Besides morphological analysis, the pollen activity of the ALP-RNAi pollen was compared with that of the wild type to examine for physiological changes. In vivo pollen germination assays were carried and observed. After 16 h incubation, the pollen tubes of the "wild-type pistil pollinated with ALP-RNAi pollen" were noticeably shorter (Fig. 4B) than those of the "wild-type pistil pollinated with ALPRNAi pollen" (Fig. 4B) , suggesting that physiological changes in the ALP-RNAi pollen had accompanied its morphological changes. 
Possible role of ALP in pollen development
ALP is shown to have 47% homology at the amino acid level to At1g24520.1 (BCP1), POLLEN PROTEIN1 in Brassica campestris. BCP1 was found to have a diploid/haploid mode of action which control male fertility at both sporophytic and gametophytic levels based on the observation that expression perturbation of BCP1 in the tapetum and pollen caused pollen development arrest at the uninucleate microspore stage and later at the bicellular pollen stage respectively [18] . The production of viable pollen grains is vital for male fertility in flowering plants due to their ability to produce and deliver male gametes and sperm cells to embryo sacs [23] . Gene specifically expressed in the anthers likely control male fertility [18] . ALP, an anther-specific protein, which is highly expressed in pollen and siliques, may have functions regarding male fertility. Besides, ALP protein was predicted to localize at the ER with high scores (0.99) using Predotar v. Fig. S1 ). The ALP N-terminal signaling peptide was also predicted by iPSORT (http://ipsort.hgc.jp/) and TargetP1.1 (http://www.cbs.dtu.dk/services/TargetP/). These predictions suggest that ALP may undergo the secretory pathway.
While a growing number of genes have been identified controlling male fertility [1, 6, 8, [23] [24] [25] [26] [27] [28] , still, relatively little is known about the genetic mechanism that governs male fertility. Most of the studies focus on pollen development and structures [23, [29] [30] [31] . Arabidopsis LESS ADHESIVE POLLEN5 (LAP5) and LAP6 encode anther-specific proteins, which were reported to be expressed in young anthers and in flower buds (stages 9 and 10) and they are essential for pollen exine development [32] . Mutation of either gene led to abnormal exine patterning, while the double mutant showed sterility due to a lack of exine deposition and subsequently collapsed pollen [32] . To sum up, our studies provide clues for the pollen-expression of ALP in Arabidopsis, which hints a new avenue for further investigations of its role in pollen development.
CONCLUSION
Based upon our findings, ALP was expressed in the pollen of Arabidopsis. Phenotypic deficiency of siliques was observed in the ALP-RNAi line, in comparison to the wild type. Furthermore, scanning electron microscopy suggested defects in the ALP-RNAi line and in vivo pollen germination showed reduced ability in the ALP-RNAi line. Taken together, our results revealed the ALP expression in Arabidopsis pollen, and the deficiency observed in ALP-RNAisuggested the important role of ALP inpollen and seed development.Hence, it is worthwhile for further investigation on the detailed mechanisms of ALPinvolvement in pollen and seed development, 
